This paper derived the surface profile equations and the meshing equations of the spherical meshing elements from the homogeneous coordinate transformation matrix and the conjugate surface theory proved by the envelope theory. In the machining aspect, we demonstrated the position equation of cam profile using the coordinate transformation theory and obtained the perfected controlling position point of the tool path under the limitation of the chord errors. Finally, the design and the machining module was developed via Visual Basic that generated the cam profile points and the tool path points. The curves from UNIGRAPHICS to test and verify the cam profile equation. To verify the validation of the tool path, a cutting simulation software, VERICUT, is used to simulate the cutting geometry and kinematics of the roller gear cam, and demonstrate the practical application of the developed method. 
Nomenclature
a distance between Z f2 axis and Z f3 axis b distance between Z f3 axis and roller center n ri unit normal vector with respect to the coordinate system (XYZ) ri n 2 unit normal vector with respect to the coordinate system(XYZ) 2 R ri the surface equation in coordinate system(XYZ) ri R 2 the surface equation in coordinate system (XYZ) 2 r radius of rollers S the design contour T the linear tool path (XYZ) f2 coordinate system for the fixed cam (XYZ) f3 coordinate system for the fixed turret (XYZ) 2 coordinate system for the cam (XYZ) 3 coordinate system for the turret (XYZ) ri coordinate system for the roller (XYZ) t coordinate system for the tool β i angle position of the meshing roller n′ ε the chordal error of the manufacture tool path
Introduction
Roller gear cam mechanism is mainly composed of the roller gear cam and a turret having rollers. To provide reliable and accurate motion control, roller gear cam mechanism has long been used as positioning tools. Compared to other cam mechanisms, the compact structure of a roller gear cam system is relatively rigid and can be employed as an effective tool for high speed application. Due to the advantages of high loading capacity, low noise, and high reliability as compared with some traditional intermittent motion mechanism, roller gear cams is widely used in the automatic.
For the perspective of the CAD/CAM of the roller gear cam, many researchers study plate cams and spatial cams with cylinder rollers. In 1986, Zeev [1] developed a CAD/CAM system which integrates the design and manufacture of plate cams and can proceed with machining simulation. In 1987, Jesen [2] designed a CAD system, which is applied to plate cams with oscillating cam follower. In 1988, Lin [3] gave a set of motion curves to finish the design and tool path generation of plate cams. In 1944, Yang [4] studied the CAD/CAM system of plate cams and discussed the tool path generation on the basis of three CNC interpolation methods. In the case of spatial cams, the cams are more complicated than the plate cams so there are not too many discussions done in the integration of CAD/CAM. In 1992, Yang [5] integrated the design and manufacture in cylindrical cam, index barrel cam, and roller gear cam with cylinder rollers. In 1999, Masood [6] did a drum cam study of CAD/CAM integration, and discussed the dynamic attributes. As for the CAD for spatial cams, in 1994, Angeles [7, 8] developed the CAD systems in spherical cam with oscillating roller follower. As for the discussions of the roller gear cam CAD/CAM for spherical meshing elements have never been seen, and that is worth a study.
The purpose of this research is to offer integration for a design and manufacture of the roller gear cam with spherical meshing elements, and to introduce simulated manufacture skills to build a simulated machining with five-axis, and the tool path is verified through a solid cutting simulation. Besides, the problems existing in the machining simulation can be checked and verified to enhance the practicability and to shorten the manufacturing cycle time.
Profile design of roller-gear cam with spherical rollers
It was assumed that coordinate systems (XYZ) f2 and (XYZ) f3 were attached to the fixed frame. Moving coordinate systems (XYZ) 2 and (XYZ) 3 are attached to the roller gear cam and turret. Z 2 and Z 3 were the rotation axis of the roller gear cam and the turret. Z 2 and Z f2 overlap with each other, and this is same with Z 3 and Z f3 ；(XYZ) ri is the ith coordinate of the roller, as shown in Fig. 1 .
With an application of the homogeneous coordinate transformation matrix [9] , the relative position and orientation of the coordinate system (XYZ) ri attached to the ith meshing roller with respect to coordinate system (XYZ) 2 attached to the roller gear cam ,[T 2,ri ], can be obtained as follows : 
According to the Fig.1 
And,θandδare the curvilinear coordinates of the spherical meshing surface, and r is the radius of the spherical meshing elements. Based on the differential geometry, the surface unit normal vector for the ith roller can be derived from Eqn (2) : sin cos sin . cos cos
The desired surface profile equation and the surface unit normal vector, R 2 and n 2 , were obtained by transforming Eqns (2) and (3) to coordinate system (XYZ) 2 : 
cos cos cos sin sin cos sin cos sin cos . cos sin
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Substituting Eqns (4) and (5) into the Eqn (6) , we can obtain the meshing equation： ( )
We could re-use the envelope theory to testify the correctness of the meshing equation. Based on the envelope theory, the meshing condition was
The Eqn (4) can be substituted into Eqn (8) to obtain： (
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cos cos cos .
Substituting Eqns (9), (10), and (11) into Eqn (8), we can get the meshing equation： ( )
Comparing Eqns and (8), it shows that the result of the conjugate surface theory and the result of the envelope theory are the same if the coordinate systems are set to be the same, and it proves the correctness of the meshing equation. The complete roller gear cam surface profile corresponding to the ith meshing roller can be described by Eqns (4) and (12).
Tool path generation
Shown as Fig. 1 , coordinate system (XYZ) t is attached to the cutting tool center corresponding to the ith meshing roller.
The cutter location with respect to the coordinate system (XYZ) ri can be expressed as : 
In Eqn (13), l represents the cutting depth of the cutter. By applying the homogeneous coordinate transformation matrix, the cutter location of the coordinate (XYZ) t with respect to (XYZ) 2 can be obtained as follows : 
In which,
cos cos ,
cos sin ,
cos cos cos cos cos ,
sin sin .
Generally, the description of the data of the cutting tools with five-axis includes the tool orientation and the tool location. In the cam moving coordinate (XYZ) 2 , the tool orientation and the tool location shown in matrix form as below： . 0 1
In which, I t , J t and K t represent the tool orientation, and P xt 、P yt and P zt represent the tool location, the center position of cutting tool shown in the coordinate system (XYZ) t as： 0 0 0 0
If we would like to correctly mark the tool orientation and tool location of the coordinate (XYZ) 2 , the Eqn (22) must be transformed to the moving coordinate system (XYZ) 2 
Unfold the equation above： ( ) 
Analysis of chordal error
Shown as Fig.2 , S is the design contour by Generating method, and T is the actual manufacture contour. When the cutting tools in the point n is interpolated to the point n + 1( 2 φ ∆ ), the chord errors will appear, and can be shown as [12, 13] Fig. 2 Chordal error on the tool path.
In the Eqn (30), n´ is between n and n + 1, and T(n) represents the vector between n and n + 1, and for the insignificant distance, we usually take the midpoint of the chord error to be the maximum. After deciding the chordal error, we can give a rotating augmentative value to the cam, and obtain the chord errors by the substitution of Eqn (4) into Eqn (30). In which, the value of S(n)、S(n´) and T(n) are shown as the Eqns (31) and (32) and (33). Afterwards, the errors obtained can be compared with the original designated ones, if the calculated error is smaller than the allowable one, and then we can continue to calculate next range until the calculation of the 360 degree rotation of the cam is done. If the calculated error is bigger than the allowable one, we can decrease the augmentative value of the turn of the cam or increase the allowable error. 
5. Implementation
Design parameters and chordal error analysis
This section will verify the practicability of the research in an actual example, and adopt the matured simulation software for machining, VERICUT, to simulate the machining roller gear cam to testify the correctness of the tool orientation and the tool location. In the general cases of cam mechanism, as the cam controls the motion by employing the profile of the cam surface to contact with follower directly, the profile of the cam must be deduced in an opposite way according to the motion attributes of follower. The motion curve of the cam motion attributes that decides whether the attributes fit the motion requirement is an important event in the cam mechanism. The motion curve means the function of the cam's route, which is relative to the displacement, velocity, acceleration, and the jerk bound of the follower when the follower are driven by the cams. Because the mechanism system of the cam will produce some problems, such as vibration, noise, and detrition under high speed rotation and load bearing, but the problems can be greatly improved by a proper motion curve. The study adopts the most common motion curves for the manufacturer of the cams︰modified trapezoidal、modified sine、modified constant velocity [14] , and uses the software, Visual Basic to edit the program of the cam surface and the tool path generation.
A designed roller gear cam example with the following parameters︰ a = 80 mm, r = 8 mm, b = 30 mm, roller number = 6, motion curve option = modified trapezoidal, and the relationship between the cams and the turret must be run out according to the analysis of the sequential charts of the motion, and the sequential charts of the motion in this example is shown as Fig.3 . Based on the motion curve chosen, the angular displacement, velocity, acceleration, and jerk of the turret are shown as Fig.4 . The data of the cam curve profile can be run out through the program edited by the study, and input into the CAD/CAM software, UNIGRAPHICS to get the CAD model, as shown in Fig.5 . In the tool path generation aspect, the research used Visual Basic to edit the program by analyzing the tool path and chord error mentioned above, the result as Fig. 6 . The deduced tool path is from a straight line close to a cam profile so that the chord error value must be considered. When the augmentation of the cam is one degree, the range of the chordal error is below 0.004 mm, as Fig.7 ; when the augmentation is changed to 0.5 degree in Fig. 8 , the chordal error will have an obvious reduction. 
Tool path simulation
To avoid the risk of human error, the generated tool path should be verified before actual machining, this study adopted the cutting simulation software, VERICUT, to simulate the actual cutting status, shown as Fig.9 . The tool path simulation with five-axis can reduce the number of cutting and the cost for a trial cutting. At the same time, we can use the AUTO-DIFF module of VERICUT software should be adopted to compare a design model to the 'as-machine' VERICUT solid model to detect automatically differences and to protect against gouges. The comparison of the error between the design and the simulated model reveals that the maximum gouge and maximum excess is within the allowable range, shown as Fig. 10 . 
Conclusions
Based on the coordinate transformation and the conjugate surface theory, this study reduces the conjugate surface equation of the spherical meshing elements, and the result deduced by the envelope theory can be verified with the meshing equation. Besides, through the homogeneous coordinate transformation, the cutter location file for five-axis machining of a roller gear cam can be generated. And through the control of chord errors, the ideal path point of the cutting tools can be obtained. Finally, the verification by the solid cutting simulation software, it demonstrated that the proposed roller gear cam with spherical element in determining tool orientation was valid.
